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Figures

Figure 1. Simulated atmospheric transmittance for a US Standard Atmosphere (red) and tropical atmosphere (blue)
in the 312 pm region. Also shown is the solar irradiance contribution
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Figure 2. Radiance simulations of the surfacdtted radiance, surfa@mitted and reflected radiance, andansor
radiance using the MODTRAN 5.2 radiatitransfer code, US Standard Atmosphere, quartz emissivity
spectrum, surface temperature = 3Q@nd viewing angle set to nadir. Vertical bars show placements of
the MODIS TIR bands 29 (8.55 pm), 31 (11 um), and 32 (12

20

Figure 3. MODIS spectral response functions for bands 29 (red), 31 (green), and 32 (blue) plotted with a typical
transmittance curve for a midtitude summer
=0 10 1S o] 1T = PSP
21

Figure 4. Bias and RMS differences between Aqua MODIS MODO7, AIRS v4 operational temperature and moisture
proflesand the fAbest estimate of the atmosphered (Tobi
the SGP ARM site. From Seemann et al.
0200 ) USRS SSR
27

Figure 5. MODIS MODO?7 total column water vapor (left) and WVS factofright) computed using Equation (5
and 6) for a MODIS scene cutout on 29 August

Figure 6. Comparisons between the atmospheric transmittance (top), path radian@grWjrgmiddle), and
computed surface radiance (W/pm %) (bottom), before and after applying the WVS scaling fagttr a
MODIS scene cutout shown in Figure 5. Results are shown for MODIS band 29 (8.55

33

Figure 7. The total precipitableater versus skin temperature in the SeeBor profile used in the simulation for
generating view angle and dayght-dependent
o0 1= 1103 T=Y g1 £ P
35

Figure 8. Global SeeBor radiosonde database showing the distribution of day (red stars) and night (open blue
circles) profiles used in the generation of the WVS
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35

Figure 9. The RMSE between calculated and modeled surface brightness temperature for MODIS Aqua band 29 are
plotted for corresponding view angles considered in the simulation using global raidigsofile data as
discussed in the text. The RMSE is less than 1 K for view angles less than

37

Figure 10. Spectrally adjisi ASTER GED emissivity for MODIS band 29 (see text for details). The ASTER GED
emissivity (100 m) has been geolocated onto the MODIS swdtm){land has been adjusted for
vegetation phenology using the MODIS MOD13 NDVI
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39

Figure 11. ASTER (left panels) and MODIS (right panels) LST uncertainty distributions plotted versus TCW and
simulated LST for all endinember surfactypes (graybody, soils, sands, and rocks), for the TES algorithm
including atmospheric error (TES+atm) and with the WVS method applied
QISR U R TV T PSR PPOTPRRPPPPRP
47

Figure 12. Flow diagram showing all steps in the retrieval process in generating the MODIS MOD21 LST&E
product starting with TIR asensor radiances and progressing through atmospheric correction, cloud
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detection, and the TES
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48

Figure 13. Flow diagram of the TES algorithm in its entirety, including the NEM, RATIO, and MMD modules.
Details are inclded in the text, including information about the refinement of
0O =|=..o ................................................................................................................................................
49

Figure 14. Clockwise from top left: MODIS cutouts aht surface emissivity for band 29 (8.55 um); band 31 (11
pm), surface temperature (K) and band 32 emissivity (12 um); output from the TES algorithm over the
Imperial Valley, southeastern California on 29 August

Figure 15. MODIS derived TES and NEM emissivity spectra for three different surface types for the MODIS cutout
shown in Figure 11: Algodones Dunes, Salton Seashrublands (mixed soil and vegetation). Details of
the TES and NEM outputs from these spectra are shown in Table

Figure 16 MODIS and ASTER calibration curves of minimum emissivity vs. MMD. The lab data (crosses) are
computed from 150 spectra consisting of a broad rahtgrestrial materials (rocks, sand, soil, water,
vegetation, and

Figure 17 Emissivity spectra comparisons on JuneZ0 over the Salton Sea between ASTER4Bd), ASTER
(5-band), and MODTES, using the TES algorithm along with lab spectra of water from the ASTER
spectral library. Results from the WVS method and the STD atmospheric correction are also shown. An
estimae of the PWV from the MODO7 atmospheric product indicates very high humidity on this

58

Figure 18. Emissivity images (lefind surface temperature images (right) for ASTER (top), MODIS TES
(MODTES) (center) and MODIS SW (MOD11 L2) (bottom) products over the Station Fire burn scar just
north of Pasadena, CA. Location of JPL in Pasadena and burn scar area indicated at MQ OgRS
and ASTER results match closely; however, the MOD11_L2 temperatures are underestimated by as much
as 12K, due to an incorrect emissivity
(ol oL | {ToF= Ui [o] o TP P TP PP UUUUPUUPTPUPR
60

Figure 19. (left) ASTER band 12 (9.1 um) emissivity image over Mauna Loa caldera, Hawaii on 5 June 2000, and
(right) emissivity spectra from ASTER, MODTES, and MOD11 emissivity classification. While ASTER
and MODTES agre closely, MOD11 emissivities are too high, resulting in large LST discrepancies
between MODTES and MOD1 (12 K) due to misclassification in bands 31 (11 um) and 32 (12

61

Figure 20. (top) Emissivity variation for a rainfall event over the Namib desert showing results from MOD11B1 v4
(day/night algorithm), MOD11_L2 (SW), and MODIS TES (MODTES). (bottom) Corresponding soil
moisture variation from AMSREE and rainfall estimates from the Tropical Rainfall Measuring Mission
(TRMM). It is clear that the physical retrievals, show increases in emissivity due to soil moisture, whereas
the SW values are held constant throughoutairdall period from 1521 April. From Hulley et al.
@20 ) L0 ) T TP PP OP PP OPPRRU
62

Figure 21. MODIS LST uncertainties using the TES algorithm verQW for four viewing Gaussian angles of 0°,
26.1°, 40.3°, and 53.7°. The valneepresents the number of data points used for a specific land surface
type, in this case bare surfaces (rocks, soils,

Figure 22. MODIS TES retrievals including WVS correction over the southwestern United States on 7 August 2004:
(a) (top left) LST, (b) (top right) emissivity for band 29 (85%8), (c) (bottom left) LST uncertainty, and
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(d) (bottom right) emissivity uncertainty for band 29 (868). White areas over land indicate areas of
cloud that have been masked out using the MOD35 cloud mask
(o o 11 T2 S
73

Figure 23. Figures showing the Emissivity retrievals for the MODIS Aqua MOD21 products over two water sites
using data collected for three years of data for Lake Abm&0032005) and Salton Sea (262810).
Lab data, Lab data convolved with MODIS bands and the MOD11 bands 31 and 32 are also shown for
(olo] 101 0 F= 11 ET0] o WO PP PP PPPPPPPPP
76

Figure 24. An example of the LST validation applied to the MODIS Aqua MOD11 and MOD21 LST products over
two water sites using three years of data collected Lake Tahoe-ZRP083 and Salton Sea (202810).
The MOD21 and M@22 products have comparable
oo o | = o] [T TR
77

Figure 25. Laboratoryneasured emissivity spectra of sand samples collected at taopseariant sand dune
validation sites in the southwestern United States. The sites cover a wide range of emissivities in the TIR
1T o] o U
79

Figure 26. Figures showing the Emissivity retrievals for the MODIS Aqua MOD21 products over six-pseudo
invariant sand dune sites using data collected for three years of date2(R#)3 Lab data, Lab data
convolved with MODIS bands and theQW11 bands 31 and 32 are also shown for
o] 0] 0= 110 o P
81

Figure 27. An example of the-Based validation method applied to the MGMqua MOD11 and MOD21 LST
products over six pseudovariant sand dune sites using all data during 2005. AIRS profiles and lab
measured emissivities from samples collected at the sites were used fdrabedR
o= 1o U] = o o £ PP
84

Figure 28. Histogram plots showing validation of thé&sed method applied to the MODIS Aqua MOD11 and
MOD21 LST products over six pseudtovariantsand dune sites using all data during 2003

Figure 29. MODTES Emissivity retrievals for band 31 at the two sites showfiusalations within the error range
of 1% from the mean values. The histograms on the margins show a consistently high density of the data
around the mean for each of the

Figure 30. An example of the LST validation applied to the MODIS Aqua MOD11 and MOD21 LST products over
Redwood and Texas Grassland sites (a, b) using three years of data collecte2D@)0Fhe botm
panels (c,d) show the histogram of the distribution of the LST error for MOD21 and MOD11 showing
comparable
[S1S] g (0] 400 F= T o] 2T PRPRTP
87

Figure 32. Figures showing the validation summary for LST retrievals for the MODIS Agua MOD21 products over
various IGBP sites using data collected for year 20035, except for Salton Sea (2608
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Tables

Table 1: Geophysical data available in the MERRA analysis product. Columns under Mandatory specify if the
variables is needed for determiniagmospheric correction parameters. Data are output in 6hr analysis for
42 pressure levels at 0.5 degree x 0.625 degree spatial
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26

Table 2. Percent changes in simulatedaisor radiances for changes in input geophysical parameters for MODIS
bands 29, 31, and 32, with equivalent change in brightness temperature in
02T 011 LTS PP
29

Table 3. MODISTerra band model parameters in Equation

32
Table 4. MODISTerra regression coefficients for Equation

Table 5. Output from various stages of M®DTES algorithm for three surface types: sand dunes, Salton Sea, and
shrubland transition zone for a MODIS test scene over the Imperial Valley, southeastern
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52

Table 8.The core set of global validation sites according to IGBP class to be used for validation and calibration of
the MODIS MOD21 land surface temperature and emissivity
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75

Table 9. Emissivity comparisons between lab, MOD11, and MOD21 at six sand sites for band

88

Table 10. Rbased LST validation statistics from six psediiiariant sand dune sites using all MOD11 and MOD21
LST retrievals during
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1 Introduction

This document outlines the theory and methodology for generatingMthgkerate
Resolution Imaging Spectroradiometer (MODL®Vvel2 daily daytime and nighttimé&-km land
surface temperatur@.ST) and emissivityproductusing the Temperature Emissivity Separation
(TES) algorithm The MODISTES (MOD21_L2) product will include the LST and emissivity
for three MODIS thermal infrared (TIR) bands 29, 31, ancaB#8 will be generated for data from
the NASAEOS AM and PM platformsThis is version 1.0 of the ATBD and the goal is
maintaininga divingoversion of this document with changes made wiecessaryThe current
standardaselineMODIS LST producs (MOD11*) arederived fronthe generalizedplit-window
(SW) algorithm (Wan and Dozier 1996 which produces a-&m LST product and two
classificationbased emissivigs for bands 31 and 32nd a physicdased day/night algorithm
(Wan and Li 199y, which produces &-km (C4) andé-km (C5)LST product and emissiwtfor
seven MODIS band20, 22, 23, 29, 3133.

The land surface temperature and emissivilbT&E) are derived from thesurface
radiancethatis obtainedby atmospherically correcting the-sgnsor radiance. ST&E data are
usedfor manyEarth surface retad studiesuch asurface energy balance modelifzhou et al.
20030 and landcover landusechangedetection(French et al. 20Q8while they are also critical
for accurately retrievingnportant climate variables such as air temperature and relative humidity
(Yao et al. 201L TheLST is an important longerm climate indicator, and a key variable for
drought monitoring over arid las@Anderson et al. 2011&hee et al. 20)0The LST is annput
to ecological models that determine important variables used for water use management such as
evapotranspiration and soil moistynderson et al. 201)bMultispectral emissivity retrievals
are also important for Earth surface studies. For exaneplessivity spectral signatureare
important for geologic studies and mineral mapshgdies(Hook et al. 2005Vaughan et al.
2005. This is lecausemissivityfeatures in the TIR region are unidgiee many differentypes of
materials hat make up the Eadhsurfice,such agjuartz, which is ubiquitous in most thearid
regions of the worldEmissivities are also used filand useandland coverchangemappingsince
vegetation fractions can often be inferred if the background sublservabl€¢French et al. 2008
Accurate kowledge of the surface emisswits critical for accurately recoverinthe LST,

especially over land where emissivity variations can be large both spectrally and spatially.
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TheMODTES algorithm derives its heritage from h8TERTES algorithm(Gillespie et
al. 1999. ASTER isa five-channémultispectral TIR scannghatwas launched on NAS& Terra
spacecraft in Deamber1999 with a 9@m spatialresolutionand revisit time of 1&lays.The
MODTESLST&E products will be produced globally over all land cover types, excluding open
oceansfor all cloudfree pixels.It is anticipated that the Lew@l products will bemerged to
produceweekly, monthlyand seasongroducts with the monthly product most likely producing
global coverage, depending on cloud coverddee generation dhehigher level merged products
will be considered agroject activity The MODTES Level 2 productswill be initially inter-
compared with the standard MOD11 products to identify regions and conditions for divergence
between the products, and validation will be@uoplished using a combination of temperature
based T-basedyand radiancéased R-basedmethods over dedicated field sites

Maximum radiometric emission for the typical range of Earth surface temperatures,
excluding fires and volcanoes, is found in tinfrared spectrafiwindowo regions the midwave
infrared (3.55 um) andthe thermal infrared (813 pm). The radiation emitted in these windows
for a given wavelength is a function of both temperature and emissivity. Determining the separate
contribution fom eachcomponenin a radiometricmeasurement is aitl -posedproblemsince
there will always benore unknownd N emissivities and a single temperatutdanthe number
of measurementdN, available.For MODIS, we will be soling for one temperature andréle
emissivties MODIS TIR bands 29, 31and 32). To solve the iHposed probleman additional
constraint is needed, independent of the data. There have been numerous theories and approaches
over the past two decades to solve fos tixtra degree of freedom. For example, the ASTER
Temperature Emissivity Working GroupEWG) analyzed ten different algorithniier solving
the problen(Gillespie et al. 1999 Most of these teed on a radiative transfer model to correet at
sensor radiance to surface radiance and an emissivity model to separate temperature and
emissivity. Other approaches include 8W algorithm, which extends tleeasurface temperature
(SST) SW approach taand surfaces, assuming that land emissivities in the window regiofi (10.5
12 um) are stable and well knowHowever, his assumption leads to unreasonably large errors
over barren regions where emissivities have large variations both spatially and spéedtell
ASTER TEWG finallydedded on a hybrid algorithm, termed the TES algorithm, whagitalizes
on the strengths of previous algorithms with additional fea{@@espie et al. 1998

10
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TES s applied to the lanttaving TIR radiances that are estimatgdatmospherically
correcting the asensor radiance on a piXey-pixel basis using a radiative transfer model. TES
uses an empirical relationship to predict the minimum emissivity that would be observed from a
given spectral contrast, aninimum-maximum difference (MMD) (Kealy and Hook 1993
Matsunaga 1994 The empirical relationship is referred to as the calibration curve and is derived
from a subset of spectra in the ASTER spectral lib(&sldridge et al. 2009a A MODIS
calibration curve, applicable tdODIS TIR bands29, 31 and 32 will be computedNumerical
simulations have showtnat TES is able torecover temperatures within 1.5 K and emissivities
within 0.015 fa a wide range of surfacasdis awell-establisheghysical algothm thatproduces
seamless images with no artificial discontinuities such as might be seen in a land classification
type algorithm(Gillespie et al. 1998

The remainder of the document wilsduss th&1ODIS instrument characteristigstovide
a backgoundonTIR remote sensingjive a full description and background on fEeSalgorithm,
provide qiality assessmentliscussnumerical simulation studieand uncertainty analysiand

finally, outline avalidation plan.

2 MODIS Background

The MODIS sensoren NASAG Terra (AM) and Aqua (PM) platforms are currently the
flagship instruments for global studies of E&stlsurface, atmosphere, cryosphered ocean
processesglustice et al. 199&alomonson et al. 1989n terms ofLST&E products the strength
of the MODIS is its ability to retrieveaily data at km for bothday and nighttime observations

on a global scale.

2.1 Calibration

There are now multiple satellite sensors that measure the and thermal infrared
radiance emitted from the Eagshsurface in multiple spectral channdleese sensors includee
Advanced Along Track Scanning Radiomet@&ATSR), ASTER, Advanced Very High
Resolution Radiometer (AVHRR) and MODIS instruments A satellite calibration
interconsistencytady is currently underway foevaluating the interconsistenoy these sensors

at the Lake Tahoe and Salton Sea cal/val Shieis effort has indicated that further work is needed

11
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to consistently intecalibrate the ATSR series and AVHRR series whereas ASTER and MODIS
have a clearly defined calibration and watiderstood performance.

In-flight performance of TIR radiance data {3 um) used in LST&E products is typically
determined through comparison with ground validation siWll-established automated
validation sites at Lake Taho€A/NV, and Salton SeaCA have been used to validate the TIR
data from numerous sensors including ASTER and MQHBI®k et al. 200¥. Results from this
work demonstrate that the MODIS (Terra and Aqua) instruments have met their required
radiometric calration accuracy of 0i3% in the TIR bands used to retrieve LST&E with
differences of £0.25% (~0.16K) for the lifetime of the missions. Similar work for ASTER indicates
its performance also meets the 1% requirementwvided additional steps are takeratzount for

drift between calibrationélonooka et al. 2005

2.2 Instrument Characteristics

The MODIS instrument acquires data in 36 spectral chamméte visible, near infrared,
and infrared wavelengthifrared dannels 2022, 23, 29, 31and 32 areentered on 3.79, 3.97,
4.06, 855, 11.03and 12. 02 ¢ nChanrelss29,e3¢ and 82edreythe focus of the
MODTES algorithmMODIS scans 55° from nadir and provides daytime and nighttime imaging
of any point on the Earth every2 days with a continuous duty cycle. MODIS data are quantized
in 12 bits and have a spatiasolution of ~1 km at nadir. They are calibrated with a cold space
view and full aperture blackbody viewed before and after each Earth view. A more detailed
description of the MODIS instrument and its potential applicataanbe foundn Salomonson et
al. (1989 and Barnes et a1998. The MODIS sensor is flown on the Terra and Aqua spacecraft
launched in 1999 and 2002, respectively.

2.3 LST&E Standard Products

Current standardST&E products (MOD11 from Terra, and MYD1tofn Aqug are
generated by twalifferent algorithms: a generalized spiitndow (GSW) algorithm (product
MOD11 _L2)(Wan and Dozier 1996hat produces LST data &km resolution,anda day/night
algorithm (product MOD11B1(Wan and Li 199ythat produces LST&E data at kB (C4) and
~6 km (C5H resolution

The GSW algorithm extends tI&STSW approach to land surfaces. In this approach the
emissivity of the surface is assumed to be known based arpaari classification of the Earth

12
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surface into a selected number of cover types and a duallichannelSW algorithm is used in

much the same way as with the oceans. This approach has been adopted by the MODIS and VIIRS
emissivity product teams.hE MODIS algorithmestimates the emissivity ofaeh pixel by
consulting the MODIS land cover pradu(MOD12Q1) whose values are associateth
laboratorymeasured emissivity spec{@nyder et al. 1998Adjustments are made for TIR BRDF,

snow (from MOD10_L2 product), and green vs. sen@sgegetationThea priori approach works

well for surfaces whose emissivity can be correctly assigned based on the classificaiss but

well for surface whose emissivities differ from the assigned emissiv#@yecifically, it is best
suitedfor land-cover types such as dense evergreen canopies, lake surfaces, snow, and most soils,
all of whichhave stable emissivities known to within 0.@1s significantly less reliable over arid

and semdarid regions.

Theday/night approachses pairs adaytime and nighttime observations in seven MODIS
mid-infrared MIR) andTIR bands (bands 20, 22, 23, 29, and &) to simultaneously retrieve
LST&E. This approach was designed to overcome thgodled thermal retrieval problem (where
there are always ane unknowns than independent equations in a given sample) by using two
independent samples of the same target separated inlti@eesulting system of equations can
then be solvedprovided gveral key assumptions ameet Theseinclude: a) the differene in
surface temperature between the two samples must be tartiee surface conditions (i.e., the
emissivity spectrum) must not change between day and night sarjples geolocation of the
samples must be highly accuraaed d) emissivity angulanaotropy must not be significarih
sunmary, it assumes thatifferences in the spectral radiances between the two samples are caused
by surface temperature change and nothing &isthe MODIS implementatignthe cloudfree
day/night samples must be thin 32 days of each otheThe daynight approach is more
complicated to implement due to data storimgwever it is considered preferable to theoriori
method in areas where emissivity is difficult to accurately prédiebst notably in serrarid and
arid areas.This algorihm is not well suited for polaregions since the signrtd-noise of
observations in band aff the MIR areunacceptably lowSimilarly, this product has limitations
over very warm targets (e.g., arid and sanm regions) due toasuration othe MIR bands.

Two methods hae been used for validating MODIS LST data produtitese are a
conventional Thased method andhd&-based metho@dWan and Li 2008 The Tbased method

requires ground measurements otreermally homogenous sites concurrently with the satellite
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overpass, while the-Based method relies on a radiative closure simulation in a clear atmospheric
window region to estimate the LST from top of atmosphere (TOA) observed brightness
temperatures,ssuming the emissivity is known from ground measurements. The MOD11 L2
LST product has been validated with a combination-bb3ed and ®ased methods over more
than 19 types of thermally homogenous surfaces such as(ld&ek et al. 200), at dedicated
field campaign sites over agricultural fields and for¢€usll et al. 2005, playas and grasslands
(Wan et al. 2004Wan 2009, and for a range of different seasons and years. LST errors are
generally within £1K for all sitesunder stable atospheric conditions except seand and arid
areaghathad errors of up to B (Wan and Li 2008

At the University of Wisconsin, a monthly MODIS global infrared land surface emissivity
database (UWIREMIS) hdseen developed based on the standard MOD11B1 emissivity product
(Seemann et al. 20p8at ten wavelengths (3.6, 4.3, 5.0, 5.8, 7.6, 8.3, 9.3, 10.8, 12.1, anthiy.3
with 5 km spatial resolution. The baseline fit method, based on a conceptual model developed from
laboratory measurements of surface emissivity, is applied to fill in the spectral gaps between the
six available MODIS/MYD11 band3he ten wavelengths in thé VIREMIS emissivity database
were chosen as hinge points to capture as much of the shape of the higher resolution emissivity
spectra as possibland extended bBorbas et al(2007) to provide 416 spectral points from 3.6
to 14.3 um. The algorithm is based on a Principal Component Analyses (PCA) regression using
the eigenfunction representation of high spectral resolution laborataguneenents from the
ASTER spectral libraryBaldridge et al. 2009a
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3 Earth Science Relevance

LST&E are key variables for explaining thephysical processélsatgovern the balances
of water and energy at the land surface. LST&E data are used in many research areas including
ecosystem models, climate models, cryospheric researdratmospheric retrievals schemes. Our
team has been cdudly selected to include expertise in these areas. The descriptions below
summarize how LST&E data are typically used in these areas.

3.1 Use of LST&E in Climate/Ecosystem Models

Emissivity is a critical parameter in climate modtiat determine how much émmal
radiation is emitted back to the atmosphere and space and therefore is needed in surface radiation
budget calculations, ammsoto calculate important climate variables such as [&4.,Jin and
Liang 2006 Zhou etal. 2003b. Current climate models represent the land surface emissivity by
either a constant value eery simple parameterizations due to the limited amount of suitable data.
Land surface emissivity is prescribed to be unity in@hebal Climate ModelsGCMs) of the
Center for OceathandAtmosphere Studies (COLAKiInter et al. 1988 the Chinese Institute of
Atmospheric Physics (IARZeng et al. 1989and the US National Meteorological Center (NMC)
Medium-Range Forecast (MRF). In the recently developed NCAR Community Land Model
(CLM3) and its various earlier versiofBonan et al. 20020leson et al. 2004the emissivity is
set as 0.97 for snv, lakes, and glaciers, 0.96 for soil and wetlands, and vegetation is assumed to
be black body. For a broadband emissivity to correctly reproduce surface energy balance statistics,
it needs to be weighted both over the spectral surface blackbody radiadiaver the downward
spectral sky radiances and used either as a single value or a separate value for each of these terms.
This weighting depends on the local surface temperatures and atmospheric composition and
temperature. Most simply, as the windowjiosn dominates the determination of the appropriate
single broadband emissivity, an average of emissivities over the window region may suffice.

Climate models use emissivity to determine the net radiative heating of the canopy and
underlying soil and the pward (emitted and reflected) thermal radiation delivered to the
atmosphereThe oversimplified representations of emissivity currently used in most models
introduce significant errors in the simulations of climéielike what has been included in climate
models up to now, satellite observations indicate large spatial and temporal variations in land

surface emissivity with surface type, vegetation amount, and soil moisture, especially over deserts
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and semideserts(Ogawa 2004 Ogawa et al. 2003 This variability of emissivity can be
constructed by the appropriate combinatios@f and vegetation components.

Sensitivity tests indicate that models can have an erré26F8/m? in their surface energy
budget for arid and serairid regiongiue totheir inadequate treatment of emissiitin and Liang
2006 Zhou ¢ al. 2003h, a much larger term than the surface radiative forcing from greenhouse
gases.The provision, through thiproposal, of information on emissivity with global spatial
sampling will be used for optimal estimation of climate model parameters. A climate model, in
principle, constructs emissivity at each model grid square foampieces of information: a) the
emissivity of the underlying soil; b) the emissivity of the surfaces of vegetation (leaves and stems);
c) the fraction of the surface that is covered by vegetatiaagl) the description of the areas and
spatial distribution of the surfaces of vegetatioedesl to determine what fraction of surface
emission will penetrate the canopy. Previously, we have not been able to realistically address these
factors because of lack of suitable data. The emissivity datasets developed for this project will be
analyzed wih optimal estimation theory that uses the spatial and temporal variations of the
emissivity data over soil and vegetation to constrain more realistic emissivity schemes for climate
models. In doing sdand surface emissivity will be linked to otheimate model parameters such
as fractional vegetation cover, leaf area index, snow cover, soil moisture, and soil albedo, as
explored inZhou et al(20033. The use of more realistic emissivity valuedl greatly improve
climate simulations over sparsely vegetated regions as previously demonstrated by various
sensitivity tests (e.gJin and Liang 2006Zhou et al. 2003p In particular, both daily mean and

day-to-night temperature ranges are substantially impacted by the @mt@altment of emissivity.

3.2 Use of LST&E in Cryospheric Research
Surface temperature is a sensitive endrghlance parameter thatrdools melt and energy
exchange between the surface and the atmospBeriace temperature is also used to monitor
melt zones on glaciers and can be related to the glacier fagiBsmméon 1995 and thus to glaer
or ice sheet mass balantall et al. 200%. Analysis of the surface temperature of the Greenland
Ice Sheet and the ice caps on Greenland provides a method to study trends in surface temperature
as a surrogate for, and enhancement cteanperature records, over a periddlecadegComiso
2006. Maps of LST of the Greenland Ice Sheet have been developed using the M&DISSIT
standard product, and trends in mean LST have been megdaiket al. 2008 Much attention

has been paid recently to the warming of the Arctic in the context of ghrvating. Comiso

16



MODIS MOD21LAND SURFACE TEMPERATURE ANDEMISSIVITY ATBD

(2006 shows that the Arctic region, as a whole, has been warming at a rate aDQLGZ per
decade from 1982005 inside the Arctic Circle, though the warming pattern is not uniform.
Furthermore, various researchers have shown a steatigedat the extent of the Northern
Hemisphere sea ice, both the total extent and the extent of the perennial or multijRankioson

et al. 1999. Increased melt of the margins of the Greenlare Sbeet has also been reported
(Abdalati and Steffen 2001

Climate models predict enhanced Arctic warming but they differ in their calculations of
the magnitude of that warmin@he only way to get a comprehensive measurement of surface
temperature conditionsver the Polar Regions is through satellite remote senggtgerrors in
the most surface temperature algorithms have not beerestalllished.Limitations include the
assumed emissivity, effect of cloud covand calibration consistency of the longerm satellite
record.

Comparisons of LST products over snow and ice features reveal LST differences in
homogeneous areas of the Greenland Ice Sheet 6f sitder some circumstances. Because there
are many areas that are within a few degrees ©f Buchas the icesheet margin in southern
Greenland, it is of critical importance to be able to measure surface temperature from satellites
accurately. Ice for which the mean annual temperature is near the freezing point is highly

vulnerable to rapid melt.

3.3 Use of LST&E in Atmospheric Retrieval Schemes

The atmospheric constituent retrieval community and numerical weather prediction
operational centers are expected to benefit from the development of a unified land surface
emissivity product. The retrieval of vexal profiles of air temperature and water vapor mixing
ratio in the atmospheric boundary layer over land is sensitive to the assumptions used about the
infrared emission and reflection from the surface. Even the retrieval of clouds and aerosols over
landusing infrared channels is complicated by uncertainties in the spectral dependence of the land
surface emission. Moreover, weather models improve their estimates of atmospheric temperature
and composition by comparisons between observed and model calggatéral radiances, using
an appropriate data assimilation (Mar) framework. The model generates forward calculation of
radiances by use of their current best estimate of temperature profiles, atmospheric composition,

and surface temperature and emnviggi If good prior estimates of infrared emissivity can be
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provided along with their error characterization, what would otherwise be a major source of error

and bias in the use of the satellite radiances in data assimilation can be minimized.

4 Thermal Infrared Radiative Transfer

4.1 Thermal Infrared Radiance

The atsensor measured radiance in the TIR spectral regida {¥m) is a combination of
three primary terms: the Eartmitted radiance, reflected downwelling sky irradiance, and
atmospheric patradianceThe Earthemitted radiances a function of temperature and emissivity
and gets attenuated by the atmosphere on its path to the satellite. The atmosphere also emits
radiation, somef whichreaches the sensor directlyf@mth radiance while sane gets radiated
to the surface (irradiance) and reflected back to the secmmmonlyknown as theeflected
downwelling sky irradianceReflected solar radiation in the TIR region is negligilteggre 1)
and a much smaller component than the surématied radianceOne effect of the sky irradiance
is the reduction othe spectral contrast of the emitted radiance, due to Kiralshaii. Assuming
the spectral variation in emissivity is sm@lambertian assumptionand using Kirchhotks law
to expresshe hemisphericadirectional reflectance as directional emissivity ( p T hthe
clearsky atsensor radiance can beitten asthree termsthe Earthemitted radiance described by
Plancié function and reduced by the emissivity fadtor,the rélected downwelling irradiance;

and the path radiance.

0 — 6 Y p 7 0Ot — 0 — 1)
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Figurel. Simulated atmospheric transmittance for a US Standard Atmosphere (red) and tropical atmosphere
(blue) in the@&.2 um region. Also shown is the solar irradiance contributiGfut/m
Where:
0 — = a-sensor radiange
= wavelength

— = observatiorangle

T = aurface emissivity
Y = aurface temperature
0’ = downwelling sky irradiance

— = @mospheric transmittance
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c2 = h®/k = 1.44 p tumX (2" radiation constant)
k =138 pm W3IK? (Boltzmanris constant)

c =2.99p mm3? (speed of light)

19



MODIS MOD21LAND SURFACE TEMPERATURE ANDEMISSIVITY ATBD

Figure 2shows the relative contributions from the surfecgission term, surface radiance,
and atsensor radiance for a US Standard Atmosphere, quartz emissivity spectrum, and surface
temperature set to 300 K. Vertical bars showcr@erplacement of théhreeMODIS TIR bands
29 (8.55 pm), 31 (11 pmj)and 32 (12 pm) The reflected downwelling term adds a small
contribution in the window regions but will become more significant for more humid atmospheres.
The atsensor radiance shows large departures from thiacsuradiance in regions where

atmospheric absorption from gases such ag 6D, and Q are high.
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Figure2. Radiance simulations of the surfacegtted radiance, surfaeaitted and reflected radiance, and
atsensor radiance using the MODTRAN 5.2 radiative transfer code, US Standard Atmosphere, quartz
emissivity spectrum, surface temperature =Kk3Ghd viewi angle set to nadir. Vertical bars show
placements of thllODIS IR band29 (8.55 um), 31 (11 pamd 3212um).

Equation (1) gives the -@ensor radiance for a single wavelengtiwhile the
measurement from a sensor is typically measured over a odngavelengths, or band. The at

sensor radiance for a discrete bafis obtained by weighting and normalizing thesahsor
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spectral radiance calculated Bguation(1) with the sens@s spectral response function for each
band,"Y1i, as follows:
CYiEQD —OA

0 — — 3
v i E R 3

UsingEquatiors (1) and B8), the surface radiance for bailan be written as a
combination of two term<£arthemitted radiance, and reflected downward irradiance from the
sky and surroundings:

n nl
" v oW » v — U —
Vr T0O Y pTUﬁT— ®

The atmospheric parametets, T —, 0" —, are estimated with a radiative transfer
model such aRTTOV orMODTRAN (Kneizys et al. 1996discussed in the next sectiarsing
input atmospheric fields of air temperature, relative humiditg geopotential heighigure 3
shows MODIS spectral response functions for bands 29 (refr&4n) and 32 (blue) plotted

with a typical transmittance curve for a miaditude summer atmosphere.
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Figure3. MODIS spectral response functions for bands 29 (red), 31, ége&R)(blue) plotted with a

typical transmittareccurve for a mihtitude summer atmosphere.
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4.2 Emissivity

The emissivity of an isothermal, homogeneous emitter is defined as the ratio of the actual
emitted radiance to the radiance emitted from a black body sdithe thermodynamic temperature
(Norman and Becker 1995 ='Y /0 . The emissivityis an intrinsic property of the Eafh
surface and isan independentmeasuremendf the surface tempeture, which varies with
irradiance and local atmospheric conditions. The emissivity of most natural Earth surfaces for the
TIR wavelength rangebetween &ndl 2 ¢ mfora sethsor with spatial scales <10pvaries
from ~0.7to close to 1.0. Narrowbaremissivities less than 0.85 are typical for most desert and
semtarid areas due to the strong quartz absorption featurst@dstn band) betweehe 8- and
95¢em range, whereas t he ,anchicescoverare geyerallyfgreatemig et at i

0.95 and spectrally flat in thé 82-¢ nrange.

5 Atmospheric Correction

The general methodology for atmospherically correcting the MODIS TIR data will be
based largely on the methods that were developed for the ASTER instr{ifatutoni et al.
1999. However, significant improvements will be made by taking advantage of newly developed
techniques and more advanced algorithms to improve accuracy. Currently two options for
atmospheric profile sources are available: 1) interpolation of data assimilabed\imerical
Weather Prediction (NWP) models, and 2) retrieved atmospheric geophysical profiles from
remotesensing data. The NWP models use current weather conditions, observed from various
sources (e.g., radiosondes, surface observations, and wedtiktespas input to dynamic
mathematical models of the atmosphere to predict the weather. Data are typically outpaiin 6
increments, e.g., 00, 06, 12, and 18 UTC. Examples includ&ltial Data Assimilation System
(GDAS) product provided by thedtional Centers for Environmental Prediction (NCERJInay
et al. 199 the Modern Era Retrospectramalysis for Research and Applications (MERRA)
product provided by th@oddard Earth Observing System Data Assimilation System Version 5.2.0
(GEOS5.2.0) (Bosilovich et & 2008; and the European Center for Medilange Weather
Forecasting (ECMWEF), which is supported by more than 32 European states. Remote sensing data,
on the other hand, are available rgade, typically twice daily and for cleaky conditions. The

principles of inverse theory are used to estimate a geophysical state (e.g., atmospheric temperature)
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by measuring the spectral emission and absorption of some known chemical species such as carbon
dioxide in the thermal infrared region of the electromégngpectrum (i.e., the observation).
Examples of current remoetensing data include the Atmospheric Infrared Sounder (AIRS)
(Susskind et al. 200&nd Moderate Resolution Imaging Spectroradiometer (MOQIBYice and
Townshend2002 bot h on NASAOGs Aqua satellite | aunch

The standard ASTER atmospheric correction technique, which is operated at the Land
Processes Distributed Active Archive CanfLP DAAC) at the EROS Center in Sioux Falls, SD,
usesinput atmospheric profiles from tiMCEP GDAS producat 1° spatial resolution androur
intervals. An interpolation scheme in both space and time is required to characterize the

atmospheric conditns for an ASTERmage on a pixeby-pixel basis.

5.1 Radiative Transfer Model

Wi t h t he next-ofgheartemideandiloogwavs infraredaIR)enyperspectral
sensors due for launch in the next decade, there has been greater demand fiersoigiien and
qguality radiative transfer modeling. The current choice of radiative transfer model for
atmospherically correcting MODIS TIR data is the latest version of the radiative transfer model
called RTTOV. ltis a very fast radiative transfer mddehadirviewing passive visible, infrared
and microwave satellite radiometersesjpometers and interferometé&aunders et al. 1999
RTOV is written in FORTRANIO code, for simulating satellite radiances, designed to be
incorporated within users' applications. RTTOV was originally dpesiat ECMWEF in the early
90'sfor TOVS (Eyre and Woolf 1988 Subsequently, the original code has gone through several
developmentgMatricardi et al. 2001Saunders et al. 1999nore recently within the EUMETSAT
NWP Satellite Application Facility (SAF), of which RTTOV v11 is thtest version. Itis actively
developed by ECMWF and UK Met Office. RTTOV has been sufficiently tested and validated and
is conveniently fast for full scale retrievdMatricardi 2009. A number of satellite sensors are
supported from various platforms

(e.g.https://nwpsatf.eu/deliverables/rtm/rttov_description.hti@iven an atmospheric profile of

temperature, water vapor and optionally other trace gases (for example ozone andioaithen
together with satellite and solar zenith angles and surface temperature, pressure and optionally

surface emissivity and reflectance, RTTOV will compute the top of atmosphere radiances in each
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of the channels of the sensor being simulated. Useralsa specify the selected channels to be
simulated.

Mathematically, in vector notation, given a state vector, X, which describes the
atmospheric/surface state as a profile and surface variables the radiance vector, y, for all the

channels required to smulated is given b{Saunders et al. 1999
y =H(x) ®)

whereH is the radiative transfer model, i.e. RTTOV (also referred to as the olsereperator

in dataassimilationparlance). This is known as the 'direct' or 'forward’ model.

An important feature of the RTTOV model is that it not only performs the fast computation of the
forward (or direct) cleasky radiances but also the fastmputation of the gradient of the radiances
with respect to the state vector variables for the input state vector values. The Jacobian
matrix H which gives the change in radiancefor a change in any element of the state
vectorll xassuming a linear laionship about a given atmospheric state

U y=H(Xo)u X (6)

The elements dfl contain the partial derivatives- — where the subscriptrefers to channel

number ang to position in state vector. The Jacobian gives the top of atramspadiance change

for each channel from each level in the profile given a unit perturbation at any level of the profile
vectors or in any of the surface/cloud parameters. It shows clearéygiven profile, which levels

in the atmosphere are most siie to changes in temperature and variable gas concentrations for
each channel.

In RTTOV the transmittances of the atmospheric gases are expressed as a function of profile
dependent predictors. This parameterization of the transmittances makes the model
computationally efficient. The RTTOV fast transmittance scheme uses regressiboerts

derived from accurate Line by Line computations to express the optical depths as a linear
combination of profile dependent predictors that are functions of temperature, absorber amount,
pressure and viewing angle (Matricardi and Saunders, 199@).regression coefficients are
computed using a training set of diverse atmospheric profiles chosen to represent the range of
variations in temperature and absorber amount found in the atmosphere (Matricardi and Saunders,
1999; Chevallier ,2000; and Matardi ,2008, 2009). The selection of the predictors is made
according to the coefficients file supplied to the program.
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5.2 Atmospheric Profiles
5.2.1 MERRA-2

MERRA-2 is a follow on product to the original MERRA project for the modern satellite era
(19792015).1t has been expanded to use new observations including MODIS, AVHRR, GPS
Radio Occultation, OMI, and MLS. The latest enhancement include improved water vapor
assimilation resulting in a balance between precipitation and evaporation. Therefore one of the
major advancement is that it includes land surface forcing by observed precipitagddOD21
algorithm uses the MERRZ& analysis data foits standarcatmospheric correctioMERRA-2
data are output in 6hr analysis for 42 pressure levels at 0.5 de@@2bxdegree spatial resolution.

The MERRA?2 profiles are first interpolated in time to thEDIS observation using the [00 06
12 18Z] analysis observation hours before ingesting into RTTCGAble 1 shows MERRA&
geophysical data available the MERRA?2 analysis product and the variables required for the

input data into RTTOV for thetmospheric correctian

The RTTOV output data of transmittance, path radiance, and sky irradiance are then
gridded to the MODIS swath atKin resolution using a bicubic imf#olation approach. It should
be noted that the dataterpolation could potdially introduce errorsespeciallyin humid regions
where atmospheric water vapor can vary on smgiiatial scales than the native resolution of the
input MERRA data at 05 The propagation of these atmospheric correction errors would result
in banddependensurface radiancerrors in both spectral shape and magnitwd@ch in turn
could result in errors of retrieved Lev2lproducts such as surface emissivity and temperatur
This is one of the main reason that we implement a Water Vapor Scaling (WVS) approach to help

mitigate these errors.
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Tablel: Geophysical data available inMiERRANalysis product. Columns under Mandatory specify if the
variables is needed for determining atmospheric correction paraData@te output in 6hr analysis for
42 pressure levels @bdegree X.625legree spatial resolution.

MERRA Analysis Data (inst6_3d_ana_Np)

Geophysical fields Required? Available? Remarks

Time Yes Yes
Latitude Yes Yes
m Longitude Yes Yes
nLevel Yes Yes
_ Pressure Yes Yes
Temperature Yes Yes
_ Specific Humidty Yes Yes
Surface Pressure Yes Yes
skt Skin Temperature Yes No T value at the first valid level above
surface is used.
t2 Temperature at 2 m Yes No T value at the first valid level above
- surface is used
q2 Specific Humidty at 2 Yes No Q value at the first valid level above
- m surface is used
Land Sea Mask Yes No Auxiliary database
m Elevation Yes No Auxiliary database

5.2.2 MXDO7

Because MERRA has a data latency of approximately one month, an additional source of
atmospheric profiles is necessary to produce MXD21 in near real time (NRT) mode in sync with
the other MODIS science products. Once MERRAata becomes available, t@ta processed
in NRT mode is reprocessed with MERRA0 maintain consistency and archived.

For the NRT product wese coincident profiles from the joint MODIS MODO07/MYDO7
atmospheric produc{Seemann et al. 20p3The MODO7 product consists of profiles of
temperature and moisture produced at 20 standard levels artécipltable waterapor (TPW),
total ozone, and skin temperatuproduced at 55 MODIS 1km pixels The latestMODO7
algorithm update (v5.2) includes a nemdimproved surface emissivity training data set, with the
result that RMSE differences in TPW between MODO07 andaawave radiometer (MWR) at
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the Atmospheric Radiation Measurement (ARM) Southern Great Plains (SGP) site in Oklahoma
were reduced from 2.9 mm to 2.5 n{@eemann et al. 20P80ther validation campaigns have
included comparisons with ECM®Vand AIRS data, radiosonde observations (RAOB&)d

MWR data at ARM SGPFigure 4 shows biases and RMS differences between Aqua MODIS
MODO7 and thébest estimate of the atmospheat the SGP ARMS site for air temperature (two

left panels) and water vapor mixing ratio (right two panels). Results show that MODOQ7 has a ~4
K RMSE at the surface decreasing linearly to 2 K at 700 mb and then remainingi& karil

top of atmosphere. Favater vapor, the RMSE near the surface is ~2.5 g/kg and decreasing to
<0.5g/kg above 600 mb.
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Figure4. Bias and RMS differerxc between Aqua MODIS MOBIRS v4 operationsgmperature and
moisture profiles and tlibestestimate of the atmosphé @obin et al. 20p8ataset for 80 clear sky cases
over the SGP ARM siteom Seemann et @006.

5.3 Radiative Transfer Sensitivity Analysis

The accuracy of thproposedatmospheric correction technique relies on the accuracy of
the input variables to the model, such as air temperatelajve humidity, and ozone. The
combined uncertainties of these input variables need to be known if an estimate of the radiative
transfer accuracy is to be estimated. These errors can be&épaddent, since different channels
have different absorbing d&ures and they are also dependent on absolute accuracy of the input
profile data at different levels. The final uncertainty introduced is the accuracy of the radiative
transfer model itself; however, this is expected to be small.

To perform the analysisfour primary input geophysical parameters were input to
MODTRAN 5.2, and each parameter was changed sequentially in order to estimate the
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corresponding percent change in radia(Raluconi et al. 1999 These geophysical parameters
were air temperature, relative humidity, ozone, and aerosol visibility. Two different atmospheres
were chosen, a standard tropical atmosphere and -tatitidtle summer atmosphere. Thése
simulated atmospheres should capthezealistic errorshatwe expect to see in humid conditions.
Typical values for current infrared sounder accuracies (e.g., AIRS) of air temperature and
relative humidity retrievals in the boundary layer weredu$ar the perturbations: 1) air
temperature of K, 2) relative humidity of 20%, 3) ozone was doubled, dnderosol visibility
was changed from rural to urban class. Numerical weather models such as NCEP would most
likely have larger uncertainties in the2LK range for air temperature andi 20% for relative
humidity (Kalnay et al. 1990
Table2 shows the results for three simulatd@®DIS band 29, 31 and 32expressé as
percent change in radian¢equivalent brightness temperature change in paren)h&Egesvo
standard atmospheric regimes, tropaadmid-latitude summerThe results show that band 29
in fact most sensitive to perturbatis inair temperature, followed by band 31 and 32 for both
atmospheric profiles, with the midtitude profile having larger changes than tropiEal a 20%
change in humidity the reverse is true, band 3@nggthe largest change of nearly 3 K for a
tropical atmosphere, followed by band 31 and 29. This is because band 32 falls closest to strong
water lires above 12 pmasshown in Figure 2Doubling the ozone results in a much larger
sensitivity for band 5, since it is closest to the strong ozone alesofpature centered around the
9.5-um region as shown iRigure 2 Changing the aerosol visibility from rural to urban had a small
effect on each band but was largest for band 5. Gengettadlyradiance in the thermal infrared
region is insensitive to a@sols in the troposphere so, for the most part, a climatdlaggd
estimate of aerosols would be sufficient. However, when stratospheric aerosol amounts increase
substantially due to volcanic eruptions, for example, then aerosol amounts from future NASA

remotesensing missions such as ACE and GEAPE would need to be taken into account.
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Table2. Percent changes in simulateegsansor radiances for changes in input geophysical pararfosters

MODIS bands 29, 31, and 32, with eguivalange in brightness temperature in parentheses.

Geophysical

Parameter

Change in

% Change in Radiance

% Change in Radiance

Parameter (Tropical Atmosphere) (Mid -lat Summer Atmosphere)

Band 29| Band 31 | Band 32 | Band 29 | Band 31 | Band 32
(8.5 um)| (11 um) | (12 pm) | (8.5 um) | (11 pm) | (12 um)
Air +2 K -2.8 -1.97 -1.62 -3.27 -2.50 -2.13
Temperature (1.44K) | (1.31K) | (1.15K) | (1.64K) | (1.61K) | (1.49 K)
Relative +20% 3.51 3.91 4.43 2.76 3.03 3.61
Humidity (1.76 K) | (2.54K) | (3.09K) | (1.35K) | (1.93K) | (2.48 K)
Ozone C 0.69 0.00 0.02 0.69 0.00 0.02
(0.35K) | (OK) (0.01K) | (0.34K) | (OK) (0.02 K)
Aerosol Urban/Rural| 0.42 0.27 0.22 0.43 0.29 0.25
(0.21K) | (0.17K) | (0.16 K) | (0.21 K) | (0.19K) | (0.17 K)

It should also be noted, as discussed in Palluconi @9, that in reality these types of
errors may have different signs, change with altitude, and/ordragsecancelation between the
parameters. As a result, it is difficult to quantify the exact error budget for the radiative transfer
calculation; however, what we do know is that the challenging cases will involve warm and humid
atmospheres where distrilbrts of atmospheric water vapor are the most uncertain.

6 Water Vapor Scaling (WVS) Method

The accuracy of the TE@lgorithm is limited by uncertainties in the atmospheric
correction which result in a larger apparent emissivity contrast. This intrinsic weakness of the
TES algorithm has been systemically analyzed by several ag@uail®t al. 2007Gillespie et al.

1998 Gustafson et al. 20Q61ulley and Hook 20094.i et al. 1999, and its effect is greatest over
graybody surfacethat have a true spectral contrast that approaches zero. In order to minimize
atmospheric correction errors, a Water Vapor Scaling (WVS) mdtasdber introducedto
improve the accuracy of the water vapor atmospheric profiles on ablyamahd basis for each
observation using an Extended Mu@hannel/Water Vapor Dependent (EMC/WVD) algorithm
(Tonooka 200% which is an extension of the Water Vapor Dependent (WVD) algoffnamcois

and Ottle 1996 The EMC/WVD equation models thesirface brightness temperature, given the

at-sensor brightness temperatualeng with an estimate of the total water vaporount:

()
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where:

Q Band number

€ Number of bands

W Estimate of total precipitable water vapor (cm)
nMA Regression coefficienfsr each band

Y Brightness temperature for ban@ky)

“Yh Brightness surface temperature for bagd,

The coeficients of the EMC/WVD equation ardetermined using a globhhsed
simulation model with atmospheric data from tNEEP Climate Data Agwilation System
(CDAS) reanalysis proje¢Tonooka 200%

The scaling factofr,, used for improving a water profile, is based on the assumption that
the transmissivit, T, can be express by the Pierluissi double exponential band model formulation.
The scaling factor is computed for each gray pixel on a scene iYgisgmputed fronEquation

(7) andt computed using two differentvalues that are selectagriori:

T A ~8 Vi 0'H Tp t A
t+ -k O 0'-H Tp T -H €)
r 1t H 7t H
where:
i Band model parametéfable 3)
i Two appropriately chosgnvalues
t —H Transmittance calculated with water vapor profile scaled by
0" —H Path radiance calculated tvivater vapor profile scaled by

Typical values fof aref p andr Y. Tonooka(2005 found that thé calculated
by Equation(8) will not only reduce biases in the water vapor profile, but will also simultaneously
reduce errors in the air temperature profiles and/or elevation. An example of the water vapor

scaling factor; , is shown inFigure5 for a MODIS observation on 29 Augiui2004
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Figure5. MODIS MODOQ7 total column water vapor (leffy\da8dactorg, (right)computed using§quation
(5 and pfora MODIS scene cutaut 29 August 2004

6.1 Scaling Atmospheric Parameters
6.1.1 Transmittance and Path Radiance

Once the MODTRAN run has completed and [thenage has been interpolated and

smoothed, the atmospheric parameters transmitthnaed path radiancg’ are modified as

follows:
. L, — ., — 9)
t —H t H o —H
ni o nli I p T _Fi (10)
@ S —
VU SR

Once the transmittance and path radiance have been adjusted using the scaling factor, the surface

radiance an be computed usirigguation(4).
6.1.2 Downward Sky Irradiance

In the WVS simulation model, the downward sky irradiance can be modeled using the path
radiance, transmittance, and view angle as parameters. To simulate the downward sky irradiance
in a MODTRAN run, the sensor target is placed a few meters above theeswith surface
emission set to zero and view angle set at prescvibleas e.g., Gaussian angles<€ 0°, 11.6,

26.7°, 40.3, 53.7, and 68). In this way, the only radiance contribution is from the reflected
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downwelling sky irradiance at a given wieangle. The total sky irradiance contribution is then

calculated by summing up the contribution of all view angles over the entire hemisphere:
T

0’ 0 — 3 Qb (09-20 (11)

where—is the view angle arid is the azimuth angle. Kever, to minimize computational time
in the MODTRAN runs, the downward sky irradiance can be modeled aslmeanfunction of

path radiance at nadir view:
0 r O o i 0" T (12)
whered, ¢, and® are regression coeffiaks (Table4), andd’ Tff is computed by:

Mo Mo ,.P T_ﬁv (13)
0 T 0 H up r—

Tonooka(2005 found RMSEs of less than 0.07 Wist/um for ASTER bads 10 14 when using
Equation(13) as opposed taquation(12). Figure6 shows an exapie of compariens between

MODIS band 29 (8.55m) atmospheric transmittance (top), path radiance (middle), and computed
surface radiance (bottom), before and after applying the WVS scaling factorthe MODIS
cutoutshown in Figure 5A decrease in transmittancedacorresponding increase in path radiance
values after scaling over an area in the south of the imslgew that the original atmospheric
water absorption was underestimated using input MODIS MODOQ7 atmospheric profiles. The result
is an increase in sufa radiance over the bare regiaighe MojaveDesert in the south of the

image due to an increase in reflected downward sky irradiance.

Table3. MODIS erraband model parametersiquation8).

Band Parameter \
29 1.4293
31 1.8203
32 1.8344

Tabled. MODIS erra regresen coefficients foEquation(12).

Band a b c

29 -0.0011 1.7807 -0.0333
31 -0.0019 1.7106 -0.0545
32 0.0012 1.7005 -0.0595
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Figure6. Comparisons betweéme atmospheric transmittance (top), path radiancé/v/h (middle), and
computed surface radiance (Wjamm ) (bottom), before and after applying the WVS scaling Factar
MODIS scene cutout shown in Figure 5. Results are shown for MODI £ ai29.
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6.2 EMC/WVD Coefficients Calculation

The EMC/WVD coefficients @,0,I ) in Equation(7) can be determined using a global

simulation model with input atmospheric data from either radiosonde or numerical weather model
sources. For this study we used the SeeBor V5.0 radiosounding database provided by the
University of WisconsirMadison(Hook et al. 2018 The SeeBor data consist of, 764 global

profiles of uniformly distributed global atmospheric soundings tentyneramoisture, and ozone

at 101 pressure levels for clear sky conditions, acquired both day and night in order to capture the
full-scale natural atmospheric variability. These profiles are taken from N&A\an ECMWF

60L training set; TIGR3; ozonesondeom eight NOAA Climate Monitoring and Diagnostics
Laboratory (CMDL) sites; and radiosondes from 2004 in the Sahara Desert. The SeeBor data are
curated with the following quality criteria: For clear sky conditions, the relative humidity (RH)
value of theprofiles must be less than 99% at each level below the 250 hPa pressure level. It is
also required that the original top of sounding pressure be no greater than 30 hPa for temperature
and moisture profiles and 10 hPa for ozone. Additionally, for eachlgnofithe dataset, a
physically based characterization of the surface skin temperature and surface emissivity must be
assigned. As the radiosondes may drift towards water bodies, we further filtered the data to contain
at least 50% of the records over lafithis reduced the sample size to 9136 data points. When
classified based upon the local sunrise and sunset times, the day and night profiles are nearly
equally distributed with counts of 4990 and 4142, respectively. Figsinews the distribution of
thesurface temperature with the total precipitable water in centimeters for the profiles used in the
simulation. In addition to the quadratic nonlinear relationship, the profiles also capture high
temperature/low water vapor conditions common to most aridsamdarid regions. Figured

shows the global distribution of the profiles, with markers distinguishing between day/night
profiles using sunrise/sunset time at the time of the profile recordings.
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Figure7. The total precipitdwater versus skin temperature in the SeeBor profile used in the simulation for
generating view angle and daightdependent coefficients.

Figure8. Global SeeBor radiosonde database showing the distribution of day (raddtaight (open

blue circles) profiles used in the generation of the WVS coefficients.
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